Thin sheets of graphene oxide (GO) have recently emerged as a new carbon-based nanoscale material that also provides an alternative path to graphene. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The solubility of graphene oxide in water and other solvents allows it to be uniformly deposited onto wide ranging substrates in the form of thin films or networks which makes it potentially useful for macroelectronics. [5] [6] [7] [8] 10, 11 Graphene oxide is an insulator but controlled oxidation provides tunability of the electronic and mechanical properties including the possibility of accessing zero-band gap graphene via complete removal of the C-O bonds. The structure of GO is often simplistically assumed to be a graphene sheet bonded to oxygen in the form of carboxyl, hydroxyl or epoxy groups. In this letter, we elucidate the atomic and electronic structure of GO using composition sensitive annular dark field (ADF) imaging of single and multilayer sheets and electron energy loss spectroscopy (EELS) for measuring the fine structure of the carbon and oxygen K-edges as well as low-loss electronic excitations in a scanning transmission electron microscope (STEM). The results reveal that the GO sheets are rough with an average roughness of 0.6 nm and the structure is predominantly amorphous due to distortions from the high fraction of sp 3 C-O bonds. About 40% sp 3 bonding was found for O/C ratio of 1:5 in these GO films. Our results suggest that chemical removal of oxygen, using hydrazine for example, may leave behind a highly distorted reduced graphene oxide, which is likely to have substantially lower carrier mobilities than pure graphene, as has been observed in several device studies. 6, 8, 12 Scanning transmission electron microscopy combined with electron energy loss spectroscopy has proven to be a very effective for measuring electronic and optical properties. 13 A simple and intimate connection between local density of the unoccupied electronic states and the core-level excitations allows direct measurements of both the energy distribution and density of states for the levels above the Fermi energy. 14, 15 The low loss region of EELS measures optical properties by recording electronic transitions between critical points of conduction and valence bands as well as characteristic plasmon excitations, which lead to real and imaginary parts of dielectric function of the material. 16 Several TEM observations on graphene and graphene oxide have been reported, [17] [18] [19] [20] [21] but a detailed analysis of the atomic and electronic structure for GO has been lacking. Cai et al. only recently reported some structural characterization of 13 C GO films using nuclear magnetic resonance spectroscopy. 22 The graphene oxide samples studied here were prepared by a modified Hummers method, 23 which results in a suspension of GO flakes in distilled water. Detailed descrip-tion of the preparation process can be found in Supporting Information of ref 6 . Initial analysis of the GO sheets deposited on a SiO 2 /Si substrate was conducted by atomic force microscopy (AFM) imaging and profiling. Several GO sheets consisting of mono-, bi-, and trilayers can be readily identified in the AFM image shown in Figure 1a . For quantitative analysis of flake height (or thickness), histograms of the AFM-depth profiles were obtained. The histogram obtained from the dotted region of the scan in panel a is shown in Figure 1b . The histogram was fitted with a linear superposition of four Gaussian curves to identify the peak positions and widths. It shows that the thickness of a single sheet is about 1.6 nm and the ratio of thicknesses of the mono-, bi-, and trilayers scale as 1:1.6:2.2 (with actual values being 1.6:2.6:3.6 nm) and surprisingly not as 1:2:3, which is also in agreement with a previous report by Jung et al. 24 For the STEM study, GO flakes were deposited on standard holey-carbon-film-covered copper grids and loaded into the microscope. The experiments were carried out in the Cornell VG HB-501 100 kV STEM (for details, see Supporting Information). Before conducting any measurements, the GO samples were tested against electron-beaminduced damage and possible contamination, and no damage or contamination was observed for the STEM operational conditions used during the main study. Composition and thickness sensitive ADF images were recorded in singleelectron-counting mode for quantitative analysis. ADF image of the several layers of the GO suspended over a hole is shown in Figure 1c . While the mono, bi-, and trilayered films can be imaged, the signal from the single layer was found to be very weak as indicated by the fact that it is barely distinguishable from the hole in the middle of the image. However, a high-magnification ADF image taken from this single sheet reveals not only the sheet but also the variation of intensities within the image. Figure 1d is one such highresolution image from a single layer GO. Strong variation of the ADF intensity in the single film suggests that the oxidation of the graphene is uniformly random throughout the sheet. Analysis of the ADF intensities from the dotted regions of Figure 1c reveals that the thicknesses of the mono-, bi-, and trilayers (relative to the intensity from the hole) scale as 1:1.5:2.0 (see Figure 1e ), similar to the AFM results. The phenomenon can be explained by effective packing of the GO layers. The random covalent attachment of oxygen on the top and bottom surfaces creates a disordered graphene sheet and introduces roughness. The roughness of the sheets then allows effective packing of the multiple layers as schematically illustrated in Figure 1f , where oxygen atoms appear as protrusions. The observation of insensitivity of the FWHMs of the peaks in the AFM-histogram and their gradual increase in ADF-histogram with increasing number of sheets is additional confirmation of such packing. A critical observation from the AFM-depth profiles reveals that the GO sheet surface roughness is at least 0.6 nm. Since all known C-O bond lengths do not exceed 0.3 nm, 26 oxygen bonds alone cannot account for 0.6 nm height increase; therefore, the oxidation of graphene must be accompanied by undulations arising from lattice distortions in the original atomic structure of the graphene sheets.
For a better understanding of the high-resolution ADF-STEM images of the GO films, several images were simulated. Four potentially possible bonding sites for an oxygen atom on the honeycomb structure of graphene were considered and corresponding ADF images were simulated by applying Multislice computational method 27 ,28 using the code developed by Kirkland 29 (see Supporting Information for details). The results of simulations are presented in Figure  2 . ADF images of graphene with three double bonds of oxygen to carbon atoms and one with a single bond are shown in Figure 2a-d, respectively. An ADF image of a graphene with oxygen atoms attached to both side of the sheet was simulated and the resulting image is shown in Figure 2e . Here oxygen atoms were considered to be randomly attached to the carbon atoms from both sides of the graphene sheet with two restrictions; the ratio of oxygen to carbon atoms was kept close to the experimentally measured value and each carbon atom was bonded to only one oxygen atom. As can be seen from simulated ADF image in Figure 2e , the presence of oxygen on both surfaces of the graphene is sufficient for creating strong intensity variations observed experimentally (see Figure 1d ) and for the loss of the visibility of the underlying periodicity of graphene. These simulations also suggest that not only can single oxygen atoms be directly imaged on graphene substrate using STEM-ADF detector but the actual sites of the honeycomb to which the atom is attached can also be identified. It should be noted here that additional study is required to determine which oxygen bonding sites from these four are favorable in GO.
To study the electronic structure of GO films, core-level EELS spectra of C and O K-edges, which represent the respective 2p partial density-of-states above the Fermi level, were measured from several single GO sheets. Figure 3a shows the C K-edge recorded from GO film in Figure 1a and for comparison plotted with C K-edge spectra from amorphous-carbon (a-C) and graphite. 30 A spectrum of the O K-edge measured from the same sheet is presented in Figure 3b and compared with corresponding spectrum in a-SiO 2 . The fine structure of the C K-edge in GO shows considerable differences relative to those in graphite and a-C. 13, 31 However, it also indicates the presence of σ* peak with energy close to that in graphite (peak labeled B in Figure  3a) . The positions of identifiable peaks in a C K-edge in all three materials summarized in Table 1 suggest that both sp   2   and sp 3 bonds are present in the GO. To enhance the fine structure in C K-edge, the STEM probe function was removed from the data and the resulting spectrum is shown in Figure 3c . The fine structure of O K-edge, which lacks distinct features, indicates the absence of periodicity for the oxygen atoms in the film. 13 Since there is no existing carbon- oxide in solid form, the O K-edge spectrum from GO sheets was compared with O K-edge of a-SiO 2 , which also has an initial peak at 538 eV and an extended broad second peak at about 560 eV. 33 Strong similarities between the two are noticeable. 34 These results are in agreement with ADF imaging showing random attachment of oxygen atoms on graphene sites during oxidation. Integrated intensities of the C and O K-edges give a 1:5 ratio for number of O to C atoms.
To evaluate the amount of sp 2 -and sp 3 -C bonds in GO films, the spectrum of the C K-edge was fitted to a linear superposition of two spectra, C K-edge from graphite and a-C. After normalizing both spectra, a linear least-squares curve fitting algorithm 32 was applied to determine coefficients R 1 and R 2 of the fitting function:
Here I g (E) and I am (E) are the spectra from graphite and a-C, respectively. For the C K-edge measured from a single GO film (see in Figure 3c ), the best fit occurs at R 1 ) 0.15 and R 2 ) 0.85, indicating that only 15% of the carbon atoms inside the films are graphite-like, and 85% behave amorphouscarbon-like. This suggest that the atomic structure of GO films should resemble a mostly amorphous 2D sheet of carbon atoms with some of them also bonded to oxygen, rather than an ideal sheet of graphene with surface oxidation. Electron diffraction patterns, obtained from several layers of these GO films and one presented in Figure 3d , support this structural model. The pattern is dominated by diffraction rings occurring due to the amorphous nature of the sample. It also shows the presence of some bright spots on the rings which is a indication of some crystallinity in the films and is consistent with having 15% residual graphene-like structure in the films. The portion of sp 3 bonds in a-C used here, based on EELS data analysis, 13, 35, 36 is estimated to be about 45%, which leads to an actual amount of carbon sp 3 bonds in the GO to be about 40%. The partial amorphization of the GO can be explained by modification of the original sp 2 bonds of carbon atoms of the graphene into sp 3 bonds via bonding with oxygen and in the process moving carbon atoms from their original sites to accommodate the off-plane sp 3 bonds. To confirm this, detailed ab initio density functional theory (DFT) based calculations were performed.
A series of DFT calculations using a plane wave pseudopotential approach were performed for two cases, pristine graphene and a graphene supercell with a single oxygen atom. The technical details of the calculations can be found in the Methods section in Supporting Information. The results of structural relaxation calculations for the equilibrium configuration of the atoms when an O atom is present shows (i) the two carbon atoms bonded to the oxygen atom are pulled above the graphene plane as shown in Figure 3e (this configuration is fairly stable with an absorption energy of -3.12 eV) and (ii) the bond length between these two carbon atoms expands from 1.407 Å in graphene to 1.514 Å, which is close to 1.54 Å sp 3 bond length in diamond. Such bond expansion in the presence of oxygen has been previously predicted for epoxy groups on graphene. 37, 38 This may explain the 0.6 nm surface roughness of the films detected by AFM scans. A simple estimate calculating the probability of finding a carbon atom in the sheet that is not oxidized and has only unoxidized neighboring carbons (necessary for sp 2 -like bond) shows that O/C ratio of 1:5 is more than sufficient to transform 40% of the original carbon bonds in graphene into sp 3 bonds.
The calculated partial, 2p, density of states (DOS) for pristine graphene and graphene with an epoxy group is shown in Figure 3f . For graphene, the calculated energy difference between the π* and σ* peaks was 6.89 eV, which is in good agreement with the measured energy difference in graphite (7.1 eV). In the case of the graphene supercell with an epoxy group, the presence of the oxygen atom distorts the lattice, breaks the symmetry of the system, and induces a band gap. The local DOS for a C atom far from the O (about 0.65 nm) is similar to that found in pristine graphene. However, the DOS of the C atoms bonded to O is significantly different. Here the π* peak is absent for these C atoms and the σ* is broadened in good correlation with the sp 3 bond fingerprint measured in diamond. 13 The low-loss EELS spectrum, which is a direct measure of the dielectric response of the film to the external electromagnetic excitation, was recorded from a single GO sheet and is presented in Figure 4 . When compared with corresponding spectra from graphite and a-C, significantly lower energy plasma excitations are observed. While in graphite and a-C, the peaks of bulk plasma-loss (combination of π* and σ* electronic excitations) are at 27 and 24 eV, respectively, in GO films it is much lower at 19 eV. 30 The low-energy plasma excitations of the π* electrons in GO however occurs at 5 eV, similar to that in a-C. Since the thickness of the film is only 1-2 nm thick, the origin of 19 eV main plasma resonance in GO films can be fully understood only when a full quantum mechanical description is applied. For specimens with thickness smaller than 5 nm, it is well known that surface plasma excitations are often the dominating mechanisms for energy loss. 39, 40 But for specimens a few atomic layers thick, such a macroscopic description may not be sufficient. A very recent study by Eberlein et al. that combined EELS measurements with first principle calculations found that the plasmon modes of pure graphene are significantly red-shifted from those found in graphite. 21, 41 They measured the main π* + σ* plasma peak at 14.6 eV and a π* peak at 4.7 eV. This suggests that in GO the plasma excitations could be related to those in graphene but with substantial blue-shift occurring due to presence of the oxygen and increased number of sp 3 bonds.
In conclusion, electron energy loss spectroscopy combined with STEM-ADF imaging and AFM-depth profiling shows that graphene oxide films have substantially different density-of-states and resonance electron plasma excitation energy than those in graphene and a-C. It also indicates that oxygen atoms attach to graphene sites randomly and convert sp 2 carbon bonds in graphene to sp 3 bonds. While the structural modifications of graphene are dependent on the oxidation level, the results show that a ratio of 1:5 oxygen to carbon atoms is sufficient to transform the measured 40% of the carbon bonds into sp 3 bonds. As a consequence, the atomic structure of oxidized Figure 1c . It is presented in comparison with corresponding spectra from graphite and a-C recorded using the same STEM and similar electron-optical conditions. graphene is highly distorted, becoming a semiamorphous solid carbon oxide with undulations resulting in a surface roughness of about 0.6 nm. These results are also supported by our ab initio calculations. Our results provide new insight into the structure of graphene oxide and indicate that in addition to the removal of oxygen, structural ordering of the remaining graphene sheets is necessary if high mobilities from reduced graphene oxide devices are to be achieved.
